Large transient photoconductivity was observed at room temperature in oxygen-deficient La 0.6 Ca 0.4 MnO 3−δ /Si heterojunctions. The increase in conductivity was over one order of magnitude while applying −2.5 V reverse bias under 532 nm continuous-wave laser illumination with a power of 40 mW. It was found that the photoconductivity and the photoresponse time depend on the laser illumination power, and a rise time of about 35 ns was observed when the junction was irradiated with a 532 nm laser pulse of 7 ns duration at the light power of 750 mW. Open-circuit photovoltage with a rise time of 13 ns was also observed. The results can be explained by photon-induced hole carriers in La 0.6 Ca 0.4 MnO 3−δ and are important for applications in manganite-based optoelectronic devices.
Introduction
The perovskite-type hole-doped manganites have stimulated much attention due to their exotic magnetic, electronic and structural properties. The interaction of spin, charge, lattice and orbit lead to giant responses to small external stimuli, such as magnetic field, electric field, x-rays and light [1] . Around T p (the temperature at which the electrical resistance is maximum), the electrical resistance can be decreased by several orders of magnitude by an applied magnetic field. When illuminated by light, more phenomena can be observed [2, 3] . For example, when a typical perovskite manganite La 0.7 Ca 0.3 MnO 3 was irradiated by a femtosecond laser pulse, a fast positive photoconductance signal could be seen in the paramagnetic insulating state, and a slower negative photoconductance signal could be observed in the ferromagnetic metallic state [2] . Moreover, ultrafast photoinduced insulator to metal (I -M) transition in 3 Author to whom any correspondence should be addressed.
Pr 0.7 Ca 0.3 MnO 3 was systematically investigated [3] [4] [5] [6] . The photoinduced phase change and the drastic reduction in resistance are of current interest in the possible applications to data recording technology and optical devices. However, most of these phenomena exist at ultralow temperature, e.g. 30 K for photoinduced I -M in Pr 0.7 Ca 0.3 MnO 3 , and need a high assisting electric field [3, 7] .
Optimal composition can perform delicate phase control; persistent and reversible optical phase control has been achieved in a Pr 0.55 (Ca 0.75 Sr 0.25 ) 0.45 MnO 3 thin film [8] , but the sample needs to be cooled down to a low temperature of 77 K. Another way to change the properties of the doped manganites is to adjust the oxygen content in the system [9, 10] . As in cuprates [11] , light illumination of low oxygen-deficient manganites may give rise to a persistent photoconductivity (PPC), and for high oxygendeficient, manganite light illumination gives rise to a transient photoconductivity (TPC) and to a photoinduced insulatormetal transition. Furthermore, for intermediate oxygen deficiency, it is possible to observe both PPC and TPC in the metallic state. These effects have been observed in oxygen-deficient La 2/3 Sr 1/3 MnO 3−δ thin films [9] . However, the PPC can remain only at a low temperature, and the original state of resistance may be recovered at a higher temperature. Moreover, since there was no effect on the resistance of all the samples under light illumination above 125 K [9] , a practical question arises whether it is possible to induce PPC or TPC with fast response in manganites at room temperature.
In this paper, we report the effects of light illumination on oxygen-deficient La 0.6 Ca 0.4 MnO 3−δ /Si heterojunctions made of La 0.6 Ca 0.4 MnO 3−δ (LCMO) thin films on Si (1 0 0) substrates. Both continuous-wave (cw) and pulsed lasers with an identical wavelength of 532 nm (2.3 eV) were used for the excitation. Large TPC was found while applying reverse bias on the heterojunction at room temperature. The TPC (defined as R/R dark = 100% × (R dark − R light )/R dark ) was as high as 95.4% at −2.5 V reverse bias with cw laser illumination at a light power of 40 mW, while the photoresponse time was about 35 ns when the junction was irradiated by a 532 nm laser pulse of 7 ns duration with a light power of 750 mW. We also observed the open-circuit photovoltage with a rise time of 13 ns, which is close to that in [12] . The mechanism of TPC in manganites is not clear at present, but a most likely mechanism is the photon-induced electron-hole pair mechanism with the capture of the electrons in the potential wells provided by the oxygen vacant sites and the hole carrier contributing to the conduction process [9, 13] .
Experimental
LCMO films with a thickness of about 67 nm were grown on Si substrates (10 × 10 mm 2 ) without prechemical treatment by pulsed laser deposition. The design of the film is shown in the right inset of figure 1. When the base pressure of the chamber was pumped to 2 × 10 −4 Pa, a focused pulsed KrF excimer laser beam (4 Hz, 248 nm, ∼170 mJ per pulse) was irradiated on a La 0.6 Ca 0.4 MnO 3 target and deposited for 10 min onto the Si substrate surface to prevent the oxidation of Si. Then the laser was switched off and the temperature of the Si substrate was raised to 400 • C; meanwhile an active oxygen source was introduced into the chamber and a pressure of 4 Pa was kept during the successive 80 min deposition. After the film formation, the substrate was kept in situ for 20 min at an O 2 pressure of 50 Pa and finally annealed at 400
• C in air for 2 h to improve the film quality. Indium (In) electrodes were placed on the surfaces of LCMO thin films and Si substrates, as shown in the insets of figures 2 and 3. To investigate the current-voltage (I -V ) characteristics, the sample was placed in a closed-circuit nitrogen cryostat operated at a temperature ranging from 77 to 450 K. A frequency-doubling Nd : YVO 4 cw laser with a power of 40 mW and a wavelength of 532 nm was used to investigate the I -V characteristics under illumination. In general, the laser illumination lasted 20 s for each measurement. The photoresponsive effects were investigated using a frequency-doubling Nd : YVO 4 laser with a pulse width of 7 ns and a wavelength of 532 nm. A load resistor of 220 was inserted in the circuit to limit the current. The waveform was recorded with a digital oscilloscope (Tektronix ® TDS7154B).
Results and discussion
XRD was used to assess the microstructure of the films. As shown in figure 1 , the measurements reveal that the obtained films are (1 1 0)-oriented with pseudo-cubic unit cell. The LCMO insulates in the whole temperature range of measurements for high oxygen deficiency due to low oxygen pressure (4 Pa) during the deposition [9] , while the proper oxygen pressure for preparing a fully oxidized film is about 30 Pa [10] . It was found that the oxygen content can be adjusted by changing the oxygen pressure of deposition, and the T p shifts to a lower temperature with higher oxygen deficiency or does not even show an insulator-metal transition [9] . Figure 2 shows the I -V characteristics at different temperatures. The conductivity is better at forward bias and higher temperature. Similar characteristics were seen in La 0.7 Sr 0.3 MnO 3 /Si heterostructures [14] . Figure 3 presents the I -V characteristics under the illumination of a cw laser at room temperature. The conductivity is rather different with forward and reverse bias under light illumination. The current only increases about 10% at the forward bias, while the current increases dramatically when the reverse bias is applied. From the left inset of figure 3 , it is observed that the TPC reaches 90% at a reverse bias of −1.5 V. Taking note that the TPC shows an abnormal change at low reverse bias, it is very interesting that the junction has a reverse current when the forward bias is low and the critical bias is about 100 mV, as shown in the right inset of figure 3 . Further analysis reveals that this is due to the influence of photocurrent from the Si side to the LCMO side. At zero bias, the photovoltage is about 117.4 mV. It is known that hole-doped La 1−x D x MnO 3 (D = Ca, Sr) is a p-type material which can be used to form a p-n junction with the Si semiconductor, and light irradiation will induce photovoltage in the junction [12] . The large TPC can be explained by the photon-induced hole carriers as mentioned above. Around the interface of the heterojunction, diffusion potential is built up by the diffusion of electrons in Si and of holes in LCMO; meanwhile, the potential of LCMO is raised by the space charge. With the photons' stimulation, electrons in the valence band absorb photons and transit to the conduction band. Since the photon energy of the 532 nm wavelength (2.3 eV) is larger than the band gaps of La 1−x D x MnO 3 (∼1.2 eV) [2] and Si (∼1.12 ev) [12] , holes and electrons in LCMO and Si are created. In LCMO, the high oxygen deficiency causes a lot of oxygen vacant sites and some electrons are easily trapped in the oxygen vacant sites, while the others flow to the Si side where the potential is lower. Meanwhile, holes on the Si side should move to the LCMO side [12] so that photovoltage occurs. Moreover, the electrical conductivity increases due to the high hole carrier concentration. Although similar to the process in [12] , the TPC in this scenario mainly depends on the laserinduced hole carriers in LCMO which is different from the explanation in [14] , in which electrons generated by photons are injected from the Si layer into the La 0.7 Sr 0.3 MnO 3 (LSMO) layer in LSMO/Si heterostructures. Furthermore, a forward bias restrains the flow of the hole carriers, while a reverse bias facilitates the movement of the hole carriers; so dramatic TPC can be observed at reverse bias. Figure 4 shows the time dependence of the TPC effect at the reverse bias of 3.55 V. The voltage drop in the resistor abruptly increases while the conductivity of the LCMO/Si heterojunction increases under illumination with a pulsed laser at a power of 375 mW, and the rise time of the voltage is about 38 ns. After laser pulse illumination, the voltage signal recovers the original value in a relaxation time in two stages: a fast process of about 1 µs and a slow process of about 140 µs. The inset of figure 4 shows a signal difference at the forward bias and the reverse bias. The signal is stronger at the reverse bias as mentioned above. It is found that the photoresponse time and photoconductive behaviour depend on the light power, the rise time is shorter and the TPC is larger at higher light power, as shown in figure 5 . The rise time is about 95 ns at the light power of 75 mW and 35 ns at the light power of 750 mW. Moreover, nonlinear behaviour of the rise time with the light power can be clearly seen in the inset of figure 5, which indicates that photoinduced effects play an important role in the junction [15] . Theoretical investigations and experimental results have demonstrated that phase segregation tendencies play an important role in manganites, which are now widely believed to be the origin of CMR [16, 17] . Photon injection can also induce electronic phase segregation [13] , and nanometrescale metallic structures may emerge in the insulating phase of LCMO due to photodoping, which will contribute to the increase in the conductivity. We also studied the open-circuit photovoltage. Figure 6 shows a typical photovoltaic pulse with the illumination of the laser pulse. The rise time is about 13 ns, which is close to the value measured in [12] and indicates a similar process in the junction. 
Summary
In summary, La 0.6 Ca 0.4 MnO 3−δ /Si heterojunctions have been fabricated using oxygen-deficient La 0.6 Ca 0.4 MnO 3−δ thin films grown on Si substrates with pulsed laser deposition. Large TPC of the heterojunctions at room temperature was observed under the laser illumination while applying reverse bias. It is found that the TPC and the photoresponsive time depend on the power of laser illumination, and a rise time of about 35 ns was observed at the light power of 750 mW, which is very important for the application of room temperature fast optoelectronic devices with a structure consisting of a manganite and a conventional semiconductor. Further optimization of the oxygen content and the quality of the La 0.6 Ca 0.4 MnO 3−δ film may lead to improved results.
